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Abstract 
Joseph Richard Nalbach 
DESIGN AND CHARACTERIZATION OF POLYMER NANOCOMPOSITES FOR 
ENGINEERING APPLICATIONS 
2017-2018 
Wei Xue, Ph.D. 
Master of Science in Mechanical Engineering 
  
Polymer nanocomposites represent an area of materials that can yield useful 
properties not achievable in bulk materials. Not only can they have such properties but 
also they can be relatively easy to generate. With dwindling fossil fuels there is an 
increased need for both new methods to harvest energy and to transport the captured 
energy more effectively. Two separate nanocomposite materials are created to support 
this work with dramatically different properties, both to aid in energy efficiency. The first 
is an energy harvesting foam to fully utilize the structural deformability of such a 
material. A dissolvable sugar scaffold is combined with ex-situ nanocomposite 
generation to generate an energy harvesting piezoelectric foam made from PDMS-ZnO-
CNT. The second material is a cryogenic dielectric to potentially expand the capability of 
superconducting cables. An in-situ sol-gel method and a standard ex-situ method are both 
explored to create polyimide-SiO2 dielectrics. The materials are tested with a variety of 
methods to characterize their structural, mechanical, and electrical properties. The 
piezoelectric foams yield a maximum electrical voltage of 0.30 V with a Young’s 
modulus of 0.54 MPa and an ultimate tensile strength of 0.27 MPa. The dielectric 
material successfully withstands 34 kV/mm, and has a maximum tensile strength of 24.42 
MPa at room temperature. 
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Chapter 1 
Introduction 
1.1 Classic Materials 
 
The basis of any gadget, part or system is the material from which they are made 
from. This singular choice can determine if and how well the object in question performs. 
For example, attempting to insulate high power transmission lines with paper will end in 
disaster, as while paper is an electrical insulator, it has an inhibiting low ignition point for 
such an application. The potential for such incidents is what makes material selection, 
and by extension material research so important. 
In order to aid in material selection, classical materials are grouped together based 
upon their properties: metals, ceramics, polymers, and composites. Figure 1 illustrates 
examples of such materials. 
Metals are materials that are identified by their metallic bonds. These materials 
are often viewed as the strongest, most desirable material from the standpoint of most of 
society. In truth, while metals tend to be more durable that other materials, there have 
been ceramics and composites that have shown higher strength values. In reality metals 
bring so much more than strength to the table; they have excellent conduction of both 
electricity and heat, and increased mechanical ductility over other materials [1]. 
Furthermore, metals are highly versatile and can be used for many other applications such 
as magnetic cooling, semiconductor technology and as antimicrobial agents [2-4]. 
Ceramics are often associated with pottery and art, however they represent a large 
section of useful engineering materials. In general ceramics are typically compounds 
formed between metallic and non-metallic components. They are classified by their high 
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corrosion resistance and electrical/thermal insulating properties. Due to these properties 
ceramics have been explored as thermal shielding in both nuclear power and solar energy 
systems [5, 6]. 
Polymers are created from repeating monomer chains [7]. They often have high 
dielectric properties, low melting points, and some corrosion resistance. Polymers have a 
wide range of applications, being used in sensors, electronic skins, energy harvesting, etc. 
[8-10].  
Any material where two or more macroscopically identifiable base materials work 
together to achieve an enhanced result is considered a composite [11, 12]. Due to the 
hybridized nature of composites, they display a variety of different properties depending 
on what the “parent” materials are. These “parent” materials are referred to as the host 
material and the fill material. The quality of these materials is heavily dependent on the 
distribution and uniformity of filler in the host matrix [13]. Various host matrices and 
fillers have been explored in laboratory settings, such as reinforced concrete based 
composites [11]. In addition to using base materials made in laboratories, composites can 
also include natural materials such as wood [14]. 
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Figure 1. Common materials: a.) Aluminum is a common engineering metal. b.) Glass, a 
ceramic, is used for optical microscope slides. c.) Polylactic acid (PLA) is a plastic 
commonly used in 3D printing. d.) Plywood is a manmade resin/wood fiber composite 




Additionally, the atomic structure of these arrangements also can significantly 
impact material properties. Carbon, for example, owes its properties to specific 
crystalline structures; it is capable of being the hardest known substance, diamond, or an 
material with lubrication properties, graphite [15, 16]. Variations of the same material 
only differing in atomic structures are called allotropes, and as previously stated can 
behave differently from each other [17, 18]. 
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1.2 Polymer Nanocomposites  
 
Nanocomposites are a form of composite materials that require one or more fillers 
at the nanoscale. The first generation of nanocomposites was reported in the early 1900s, 
and included efforts such as adding carbon black to rubber to create a material called 
Bakelite [19]. Despite this relatively early birth, these composites did not attract a 
significant amount of attention until the early 1990s when it was revealed that such fillers 
could dramatically reinforce a material [20, 21]. A visualization of a polymer 





Figure 2. Visualization of nanomaterial filler within a host matrix. The dark gray region 




1.3 Host Matrix 
 
Part of the naming of nanocomposites lies in the category of host matrix, that is to 
say metals, ceramics, and polymers can all be used to generate nanocomposites. Two out 
100 nm
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of the three host materials, polymers and ceramics, naturally lend themselves to the 
creation of nanocomposites. Metals however require specific processes to accomplish the 
same feat. 
Polymer host matrices lend themselves naturally towards nanocomposite 
generation [22]. Using a liquid state polymer, nanomaterials can be easily added and 
mixed into the host material. The polymer is then cured, fixing the nanomaterials in their 
final placement within the composite. 
One method of metal matrix nanocomposites, called stir casting, is incredibly 
similar to the process used to generate polymer-based nanocomposites. It essentially 
involves melting the metal down into a liquid state and adding a specific nanomaterial 
that has been pre-generated. The issues and other comparable methods have been 
reported in recent publications [23, 24]. 
Ceramics are also naturally receptive to nanomaterial generation as they often 
start as powders, later being fused together with the use of binding agents. Nanomaterials 
can be mixed into these powders to be distributed in the matrix. As the ceramic fuses 
together the nanofillers are locked in place. 
1.4 Nanomaterial Fillers 
 
 A wide variety of nanoscale fillers have been explored including particles, fibers 
tubes, etc. [25-27]. These materials are typically sub 100 nm, placing them definitively in 
the realm of nanotechnology. At this size scale, Van der Waals forces cause particles to 
aggregate, creating a new filler distribution challenge for material scientists [28]. To 
combat this issue, two different methods of infusing the nanomaterials into a host have 
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been explored, ex-situ and in-situ [29, 30], exemplified in Figure 3. 
In ex-situ methods, nanomaterials are first synthesized separately from the host 
matrix. These materials are then contained within a suspension in a host material 
compatible solvent or as a simple powder. They are then mixed into the host matrix as the 
filler. This method can be done quickly as half or all of the necessary components are 
already generated. 
In-situ methods synthesize the nanomaterials within the host matrix. This can be 
done through various chemical processes. While the host materials are being stirred, these 
nanomaterials are formed, distributed and stabilized. This method is particularly 
compatible with the sol-gel method of nanoparticle synthesis, as the polymer host matrix 





      a.)              b.) 
Figure 3. Ex-situ vs. in-situ addition of nanocomposites. In this example the in-situ 
method is based upon use of a sol-gel. 
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1.5 Applications 
Nanocomposites can be used in almost all the same applications as other standard 
materials. Moreover, these nanocomposites offer additional, enhanced properties not 
typically demonstrated by their host materials. 
One prominent area for nanocomposites is the aerospace industry, where 
nanostructures are used to create stronger and lighter materials to aid in modern flight 
airplane technology [31]. Another area where nanocomposites can heavily improve is 
battery technology. In this field such materials can be used to enhance the surface areas 
of anodes and cathodes, improving the battery life and performance [32]. The 
nanocomposites have also been used in medical research. There are numerous potential 
applications within this field ranging from tissue scaffolding to drug delivery. For 
example, nanoscale drugs can be infused into the human body via patches or nanoscale 
structures can be used to reinforce internal organs that have been damaged by prior injury 
[33, 34]. 
1.6 Motivation and Objectives 
With dwindling fossil fuel reserves new methods of energy harvesting are 
becoming more important than ever. Various alternative energy sources can be exploited 
for energy generation, including humans. Humans produce a large amount of excess 
movement through basic locomotion, which can be potentially captured [35]. In addition 
to generating energy in new and responsible ways, increasing energy transport efficiency 
is of critical importance. In high power applications multiple cables are required to 
transport the requisite energy. Systems utilizing superconductivity represent one such 
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way to increase energy transfer efficiency with a high power load. However these 
systems suffer from the limited choice of dielectric materials that can withstand the 
cryogenic temperatures in a superconducting environment. 
To that end the projects described in this thesis hope to accomplish the following: 
• Develop a foam based material to capture human based energy 
• Characterize the mechanical and electrical performance of such a material 
• Develop a dielectric material for high temperature superconducting (HTS) cables 
• Test the mechanical and dielectric strength of the composite at room temperature  
• Design an environmental chamber to allow for future testing at cryogenic 
conditions
  9 
Chapter 2 
Fabrication of PDMS -ZnO-CNT Foams Based Upon Sugar Scaffolds 
2.1 Introduction 
2.1.1 PDMS foams. Polydimethylsiloxane (PDMS) is a silicone-based rubber that 
has a wide variety of applications in research. It can be easily molded into a plethora of 
useful geometries and is commonly used in microfluidics, implantable devices, and 
composites as a host matrix [36, 37]. Its properties as a thermosetting plastic make it 
particularly receptive as the host matrix. In a general process, PDMS starts off as a liquid 
and solid fill materials are added later; the mixture is then cured into a solid structure 
through heating.  
Foams come in two distinct forms: open pore and closed pore. Open pore foams 
have interconnected pores throughout the material, resulting in soft and springy 
structures. Closed pore foams are much stiffer as the air is trapped inside the pores 
without interconnectivity among these air pockets. Various efforts have been made to 
produce PDMS based foams, and accordingly a number of methods have been developed. 
One method is to use sugars as a dissolvable scaffold to create open pore geometries. 
Such sponges have been explored for separation of oil and water was well as for energy 
harvesting [38, 39]. As PDMS is an electrically insulating material, an additional fill 
needs to be added to make the material more conductive for harvesting applications. 
 2.1.2 Carbon nanotubes. Carbon nanotubes (CNTs) belong to a special group of 
carbon allotropes called fullerene structures; all of which exist at a nanoscale [40]. 
Interestingly with carbon nanotubes, only their diameters are restricted to nanometers and 
their lengths can reach several millimeters. The structure of these tubes can be visualized 
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as a rolled sheet of carbon atoms bonded in a hexagonal pattern (this sheet being another 
popular nanomaterial, graphene). Carbon nanotubes have strong conductive properties for 
both heat and electricity, and as such are an excellent choice of fill material for 
conductive composites [41]. 
CNTs owe their unique properties to the crystalline arrangement of carbon atoms; 
their electrical properties can be altered by changing the orientation of these atoms. The 
type of CNT formed is determined by how the graphene sheet is rolled. For example, for 
the carbon sheet shown in Figure 4, rolling in the direction of the vertical arrow yields an 
armchair CNT, whereas following the horizontal vector results in a zig-zag CNT. Any 






Figure 4. Chirality map of a CNT 
	
	θ 
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2.1.3 Energy harvesters. The rise in fossil fuel consumption has led to an 
increased need for alternative energy [42]. New energy harvesters using photovoltaic, 
thermoelectric, and/or piezoelectric properties have been developed. For example, solar 
panels, one of the most commonly used energy harvester converts light into electricity, 
using photovoltaic cells. Likewise, thermoelectric harvesters convert a temperature 
difference into an electrical output, and piezoelectricity takes mechanical deformation 
and converts that into electrical energy [43]. 
Piezoelectricity is unique in that all sources of forces, including human 
locomotion, can induce mechanical deformation, which in turn can be converted to 
electrical energy. This means that electronic devices, such as phones, could potentially be 
charged by the everyday activity of the users [44, 45]. This provides an opportunity that 
everyday items can potentially be infused with electrical producing traits for energy 
generation. One item that particularly experiences repeated deformation is the foam soles 
of shoes. If a foam could be enabled with piezoelectric properties, the simple act of 
walking can generate electrical outputs. 
2.1.4 Piezoelectric materials. In order to obtain piezoelectric properties, the fill 
material must be inherently piezoelectric, such as lead zirconate titanate (PZT), zinc 
oxide (ZnO), polyvinyl difluorine (PVDF), and barium titanate (BaTiO3) [46, 47]. Both 
zinc oxide and barium titanate are available as nanoparticles; making them suitable 
materials as fillers for nanocomposites; PVDF can be electrospun into nano and 
microfibers as potential filler structures. 
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2.2 Material Preparation 
 
 The basis of generating the energy harvesting foams is to combine a liquid 
thermosetting nanocomposite over a dissolvable sugar scaffold. Three types of sugar, 
granulated, brown, and ultrafine sugars, were used and compared over the course of the 
study. 
 2.2.1 Preparation of the composite. The nanocomposite generated in this study 
used PDMS (Sylgard 184) as the host matrix through an ex-situ method. It was prepared 
by combining ten parts of elastomer component with one part of curing agent. These two 
materials were combined and mixed until a uniform consistency was obtained. The 
nanomaterials were weighed and mixed into the PDMS. The ZnO nanoparticles, 
purchased from Nanoamor, were lipophilic and silicone oil coated to aid in dispersion. 
Multiwall carbon nanotubes (MWCNTs) were also purchased from Nanoamor. First, 10-
wt% of ZnO nanopowder was measured out and placed in a weigh boat. Then 1-wt % 
MWCNT powder was also measured and added to the same weigh boat. The two 
powders were mixed together until the result was homogeneous. The mixed 
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2.2.2 Use of scaffolds. Both granulated and ultrafine sugars could be used to 
generate foamed structures in the exact same manner. First, 40 mL of the sugar is 
measured in a graduated cylinder. The sugar was then mixed with 18.3 g of the PDMS-
ZnO-CNT nanocomposite to form a moldable non-Newtonian fluid, with the rough 
consistency of clay. This mixture is packed into glass petri dishes to act as molds. The 
molds were cured on a hot plate at 60 °C overnight to cure to a solid phase. 
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The cast was then released from the mold and place in a bath of boiling water. 
This process removed the sugar content and the resulted structures were left in the bath 
until all of the sugar was removed, typically 24 hrs. The result was a disc-shaped foam 
that could be cut into various samples. 
 Brown sugar has molasses inside; because of this added content, brown sugar had 
to be handled differently from the other two, as illustrated in Figure 6. First, 40 mL of 
brown sugar was packed into a petri dish, and then 18.3 g of PDMS-ZnO-CNT 
nanocomposite was slowly poured over the top, carefully not to overflow. Afterwards, 
the partially soaked composite-sugar mixture is place in a vacuum chamber for 2 hr to 
allow complete filling of the composite through the scaffold. The final mold was cured 
on a hotplate over night at 60 °C. As with the other sugar scaffolds, the cured sample was 
placed in a dissolution bath until the sugar had been completely removed. 
 For all sugar scaffolds the final foams were cut into geometrically controlled 





  15 
 





 Visual inspection indicated that out of the three sugars selected, only two 
produced reliable foams; ultrafine and granulated. For the successful methods, ultrafine 
was determined to be more desirable than the granulated sugar as it yielded smaller pore 





Nano material saturated PDMS
Sugar
Composite soaked Sugar
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Figure 7. Completed piezoelectric sponge material cut into a rectangular prism.
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Chapter 3 
Characterization PDMS-ZnO-CNT Foams Based Upon Sugar Scaffolds 
 
The material created in Chapter 2 was subjected to physical, mechanical, and 
electrical testing to better understand their materials properties. 
3.1 Physical Characterization 
 
Scanning electron microscopy (SEM) was used to determine the pore diameter 
and distribution. SEM characterization of the resulting foams is carried out using a 
desktop Phenom SEM. Inspection of samples was used to obtain the size information of 
the pores. Figure 8 shows clear differences between the size and distribution of the pores 
within the material from different scaffolds. Samples generated from brown sugar have 
pores that are randomly distributed and have no consistency in terms of diameter and 
pore volume, as shown in Figure 8a. Ultrafine sugar scaffold creates pores with a much 
higher degree of consistency in terms of pore diameter and distribution (pore diameter 50 
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                 a.)          b.) 
Figure 8. a.) Brown sugar sponge with large pore variations, shown at a scale bar of 300 
µm. b.) Ultrafine sugar sponge with more uniform pore sizes and distribution, shown at a 




3.2 Mechanical Characterization 
 
 The mechanical strengths of piezoelectric foams are of critical importance, 
therefore tensile testing was performed on the generated foams using a tabletop SHIMPO 
MTS (Material Testing) system. 
The mechanical properties of all the tested samples are illustrated in Figure 9. 
Samples show high linearity between stress and strain, an expected result as the host 
polymer PDMS is a well-known elastomer. The solid PDMS-ZnO-CNT sample remains 
elastic for the entire testing range. The Young’s modulus, ultimate stress, and ultimate 
strain are calculated as 4.40 MPa, 0.75 MPa, and 18.79%, respectively. The ultrafine 
sugar sponge shows mostly elasticity in its stress-strain curve with slight plastic 
deformation beyond the ultimate strength point. The Young’s modulus, ultimate stress, 
and ultimate strain are calculated as 0.54 MPa, 0.27 MPa, and 57.33%, respectively. The 
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statistical comparison of the Young’s moduli for the four samples is shown in Figure 9c. 
All three sponge samples exhibit similar values (averaging 0.54 MPa for granulated, 0.50 
MPa for brown, and 0.44 MPa for ultrafine sugar foams). They are significantly softer 
than the solid film sample (averaging 4.40 MPa for its Young’s modulus). The 
differences for the foams are much more pronounced when comparing their ultimate 
tensile strengths, as illustrated in Figure 9d. All three foam samples are weaker than the 
solid film, which has an average strength of 0.74 MPa. The ultrafine sugar sponge is the 
strongest among all the foamed samples with 0.28 MPa for its ultimate strength, followed 
by the granulated sample with 0.21 MPa and brown sugar sponge with the lowest 
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   a.)                 b.) 
        
              c.)                d.) 
Figure 9. a.) Stress-strain curve of a granulated sugar sample. b.) Stress-strain curve of an 
ultrafine sugar sponge. c.) Histogram comparing Young’s moduli of all samples. d.) 
Histogram comparing ultimate tensile strengths of the samples. UF: ultrafine sugar; BS: 




3.3 Electrical Characterization  
 
 One of the most desirable properties for these foams is the electrical output under 
mechanical stresses. The electrical properties of each sample are obtained and analyzed 
through the use of an integrated mechanical-electrical testing system and a data 
acquisition device. The system setup is illustrated in Figure 10a and the process flow is 
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sample, and at the same time measure the generated electrical signals via the DAQ and a 
data acquisition LabVIEW code. A waveform generator creates a controllable sinusoidal 
signal. This signal is then amplified using a signal amplifier, resulting in testing values of 
30 Hz and the peak-to-peak voltage is 240 mV. This amplified signal is passed to an 
electrodynamic shaker. A thick, rectangular acrylic plate is bolted on the shaker’s surface 
with one end cantilevered out to provide a tapping head. The sample is mounted on 
another acrylic plate and placed directly underneath the cantilevered tapping head. 
During testing, the vibration generator applies vertical forces to the sponge sample and 
deforms it. The two copper leads from the sample are connected to the DAQ to collect 
the voltage produced by the mechanical deformation. The LabVIEW code records the 
oscillating voltage output from the sponge sample and display the signal on a computer 





            a.)           b.) 
Figure 10. a.) Electrical testing set up. b.) System flow of electrical testing set up. 
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Even without electrical poling, all the samples exhibit clear piezoelectric 
behaviors during the integrated mechanical-electrical testing. The electrical output of a 
solid PDMS-ZnO-MWCNT film under controlled mechanical vibration is shown in 
Figure 11a. The peak-to-peak voltage is approximately 0.03 V. By comparison, an 






        a.)        b.) 
Figure 11. Sample data generated by the electrical testing set up for a.) a brown sugar 
based sample generating approximately 0.03V and b.) an ultrafine sugar based sample 




Figure 12 compares the output voltage performance for the four samples. The 
ultrafine and granulated sugar samples show clear electrical performance enhancement 
from the solid films. It is expected that such enhancement is a result of larger structural 
deformation of the foamed samples. As all the samples are tested under the same 
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condition, the amount of structural deformation for each sample is determined by its 
mechanical properties. For a foamed structure, the lower Young’s modulus and the 
porosity allow it to be stretched/compressed further than a solid film. For the brown sugar 
sponge, however, its performance is only comparable to that of the solid films. We 
suspect that the size and variability in their pore distribution cause a weakened 
framework, which in turn reduces the connectivity of ZnO and MWCNTs. As a result, 






Figure 12. Histogram illustrating peak-to-peak voltages produced by each foaming 
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Table 1 summarizes all the important parameters related to the four samples. As a 
group, the nanocomposite foams demonstrate lower density and higher flexibility; both of 
them are desired properties for portable technology. Their tensile strengths are reduced 
but still have sufficient strength to allow for the material to be deformed repeatedly 
without mechanical failure. The more interesting property of these foams is their 
enhanced mechanical-to-electrical conversion performance. The larger deflection these 
foams experience during loading leads to higher piezoelectric responses. However, there 
appears to be a limit to this phenomenon, mostly affected by the porosity for the foamed 
structure. For example, the brown sugar sponge has the lowest density and Young’s 
modulus; its piezoelectric response, however, is the weakest of all the tested samples. The 
ultrafine sugar sponge demonstrates some of the properties suitable for piezoelectric 
energy harvesting applications. Based on the SEM inspection, it is believed that the 
porosity of the foamed structures plays a critical role in their overall performance, as 
samples with large voids and gaps in the porous structure (e.g., brown sugar samples) 
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Table 1  
Summary of critical parameters for the tested samples 











Sponge 0.97 0.50 0.21 0.13 
Brown Sugar 
Sponge 0.60 0.44 0.16 0.05 
Ultrafine Sugar 
Sponge 0.95 0.54 0.28 0.30 






The fabrication and characterization of PDMS-ZnO-MWCNT nanocomposite 
foams, which can be used as piezoelectric energy harvesters, has been explored. Three 
different types of foams are prepared using commercial sugar products as the scaffolds. 
Compared with other flexible piezoelectric materials, the foams have porous structures 
that allow for larger mechanical deformation of the samples, resulting in more efficient 
mechanical-to-electrical energy conversion. The foamed structures have a significant 
impact, both mechanically and electrically, on device performance. Our results 
demonstrate that the ultrafine sugar based foams are light and flexible. More importantly, 
they can generate peak-to-peak voltages of 0.3 V, approximately an order of magnitude 
higher than solid films composed of the same materials. Due to time constraints, current 
values are not obtained but will be investigated in future experiments. The fabrication 
process to prepare the samples is simple, fast, and inexpensive. The soft nature of these 
materials makes them great candidates as flexible energy harvesters for portable or 
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wearable devices. These new foamed materials will provide high potential in a wide 
range of applications that can benefit from their unique mechanical and electrical 
properties. 
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Chapter 4 
Fabrication of Polyimide-Sio2 Cryogenic Dielectric 
 
Chapters 4-6 discuss the generation and testing of a dielectric material for 
cryogenic applications specific to Navy vessels. These applications largely surrounded 
power transfer on large naval ships, such as carriers and destroyers.  
4.1 Introduction 
 
Superconductivity is a quantum mechanical phenomenon where certain materials 
gain an increased current capacity when they are cooled to their respective transition 
temperatures [48]. Materials such as magnesium diboride and LnNi2B2C become 
superconductive once they reach their transition temperature [49, 50]. The exact 
mechanisms leading to superconductivity are beyond the scope of this thesis and will not 
be discussed. 
High temperature superconducting (HTS) cables are somewhat of a misnomer; 
despite being referred to as high temperature, they require temperatures slightly higher 
than that of liquid nitrogen (77ºK). However lowering the temperature further would 
increase the current density and the overall energy capacity. The HTS cables often use 
the three phase power setup, containing a cable core, three sets of superconducting 
elements and dielectric layers in between [51], as shown in Figure 13. Replacing liquid 
nitrogen with gas helium (melting temperature 4.2 ºK) as the cryogen allows for lower 
temperatures but also introduces new problems. 
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                        a.)         b.) 
Figure 13. a.) Illustration of the structure of a three-phase HTS cable. b.) A typical three 




Two critical issues occur: the first is that the overall dielectric strength of the 
cryogenic system decreases dramatically in gas helium, the second is that the coefficient 
of thermal expansion (CTE) of polymers is dramatically different than those of metals, 
causing CTE mismatch [52]. Dielectric strength refers to how much voltage a material 
can experience before the material fails. This failure not only allows electrical current to 
flow through but also results in structural defects in the material [53]. CTE mismatch 
results in one material expanding or shrinking more than the other material. This in turn 
results in gaps or holes in the final structure. Efforts have been made to minimize this 
problem using lapped dielectric tape; however helium’s small atom size (0.49 Å) allows 
them to permeate through the small, approximately 100 µm gaps (called butt gaps) in the 
lapped tapes[54]. Due to the low dielectric strength of helium, electricity is able to 
conduct through the helium atoms; this lowers the overall dielectric strength of the tape	
[55-57]. Figure 14 illustrates these issues. A potential solution to these problems is to 
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     a.)                        b.) 
Figure 14.a.) Helium permeating through butt gaps in lapped dielectric tape. These gaps 





4.2 Material Preparation 
 
A number of recipes were created and tested in order to optimize the electrical 
and mechanical properties of polymer composites. Previous work has explored host 
matrices of epoxy and polymers [58, 59] as well as various nanoparticle fillers including 
SiO2, TiO2, etc. [60, 61]. These past efforts have looked at dielectric breakdown strength, 
showing a range of values from 65 kV/mm to 145 kV/mm [62, 63].Table 2 summarizes 
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Table 2 
 Summary of reported process recipes and materials 







(PPGDE) [59] Diethyl toluene diamine 
(DETD) Tetraethylorthosilicate 
Ammonia solution 




















(TEOS) Ethanol Hydrocholoric Acid 







[58, 65] Araldite® CY 5808 Hardener HY 5808 Barium titanate 





















  31 
4.2.1 Preparing host matrix. The polyimide generated in this study was a 
condensation of pyromellitic dianhydride and diphenylene diamine. This was the case for 
both the commercially available polyimide and the home synthesized form. The 
commercial produce, 15 wt.% poly(pyromellitic dianhydride-co-4,4’-oxydianiline) amic 
acid solution, or short as poly(amic) acid (PAA), was purchased from Sigma Aldrich. 
Drying the as-purchased PAA on a hot plate at 70 ºC for 6 hrs evaporates the amic acid 
solvent and results in a polyimide film. We also investigated the synthesis of PAA in 
house. In this process, 1:1 molar stoichiometric quantities of pyromellitic dianhydride 
(PMDA), diphenylene diamine (ODA), and N,N-dimethylacetamide (DMAC) were 
mixed. First, the desired amount of ODA was fully dissolved in the DMAC solvent. Then 
one third of the required amount of PMDA was added every 20 minutes, over the course 
of 1 hour. The mixture turned into a viscous material that could be further dried to 
polyimide. However, our synthesis process results in inhomogeneous materials unsuited 
for further processing. This is due to the ambient environment used in our experiments, 
causing the material to oxide during the process. Based on other reports, a nitrogen 
environment would be required to produce high-quality polyimide solvent [61]. 
Comparing the two materials (as-purchased vs. in-house synthesized), we decided to 
focus on using the commercial PAA for further material processing. 
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 4.2.2 In-situ generation. The nanoparticle synthesis method was based upon a 
popular sol-gel method [61]. The method was relatively simple as stoichiometric 
quantities of four chemicals, tetraethoxysilane (TEOS), hydrochloric acid (HCl), ethanol, 
and deionized (DI) water were mixed in a 250 mL beaker. To make the synthesis easier, 
the stoichiometry was converted to mass percentages of the total sol-gel solution. This 
resulted in 67.5 % TEOS, 11.8% HCl, 14.9 % ethanol, and 5.8% DI water, all by mass. 
1 𝑚𝑜𝑙 𝑇𝐸𝑂𝑆 ∗
208.3 𝑔 𝑇𝐸𝑂𝑆
1 𝑚𝑜𝑙 𝑇𝐸𝑂𝑆 =
208.3𝑔 𝑇𝐸𝑂𝑆
 𝑡𝑜𝑡𝑎𝑙 𝑔𝑒𝑙 𝑚𝑎𝑠𝑠 = 67.5% 
 
This calculation is used to determine the mass percentages of all the chemicals. The 
contents were placed in a beaker and stirred with a magnetic stirring rod at 150 RPM for 





Figure 15. SiO2 sol-gel being generated in a fume hood. 
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The in-situ method requires that the mass of the sol-gel matches the required 
weight percentage of the final composite. To stabilize the nanoparticles within the host 
matrix, the sol-gel is dropped into the polyamic acid three separate times in the course of 
an hour, 20 min apart, while the polyamic acid is stirred with a magnetic bar at 150 RPM. 
During this time, the excess sol-gel must be continuously stirred with a magnetic stirring 
bar to prevent it from turning solid. Once all the sol-gel is used, the entire mixture is 
stirred for 6 hours. 
4.2.3 Ex-situ method. For ex-situ methods, a certain weight percentage of 
nanoparticle powder is dispersed in DMAC, 15 mL per 20 g of nanoparticles. To break 
up larger scale aggregates, the dispersion is subjected to ultra-sonication for 30 min. The 






  a.)             b.) 
Figure 16. a.) In-situ method being generated b.) Ex-situ method being generated. The 
ex-situ method produces a noticeably paler color in the liquid state polymer. 
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For both generation methods, once the mixing was complete (shown in Figure 
16), the samples were converted into films for testing. To do this the liquid state 
composite was spun coat onto glass slides at 1500 RPM and cured at 70ºC for 30 min on 
a hot plate. The final films could then be separated from the slides, approximately 25 mm 





Figure 17. Film sample of a 10% in-situ recipe. The film was separated from a standard 
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4.3 Discussions 
 
Both the ex-situ and in-situ methods produced films that could be separated from 
their substrates. However this success was limited to films made with as-purchased PAA. 
Due to the high level of oxidation experienced in the synthesis of PAA, the host material 
was brittle and could not be separated from the glass. This led to our decision of focusing 
only on as-purchased PAA as the host matrix. A nitrogen environment could be required 
to prevent such oxidation.
  36 
Chapter 5 
Characterization of Polyimide-Sio2 Nanocomposites 
 The materials generated in chapter 4 were subjected to room temperature testing. 
Specifically, pure polyimide samples and two types of composite samples (10-wt.% of 
SiO2 in polyimide and 15-wt% SiO2 in polyimide) were characterized. SEM inspection, 
tensile testing and electrical breakdown testing were performed to characterize the 
materials. 
5.1 Physical Characterization 
 5.1.1 SEM inspection. Before SEM inspection could be performed, special steps 
needed to be taken. Due to the high dielectric nature of the material being imaged, 
electron charging and drift severely distorted the desired image. To combat this, selected 
samples were bonded to the SEM stub using copper tape. The stub was then sputtered 
with gold to provide a more conductive surface to aid in discharging electrons. The final 
step of preparing the stub was to cover the top of sample with more copper tape to save 
for only a small viewing window and make a connection to the back of the stub. Based on 
SEM inspection, particles of approximately 10 µm are observed in the in-situ sample, as 
shown in Figure 18. The particles were distributed relatively uniformly, but were much 
larger than expected. Upon further magnification, particles of approximately 15-30 nm 
were observed with an even distribution, as shown in the Figure 18b. 
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   a.)              b.) 
Figure 18. a.) Micro particles evenly distributed in a 15-wt % sample. The micro 
particles are approximately 10 µm in diameter. b.) Nanoparticles evenly distributed in a 




For ex-situ samples, individual particles could not be observed, rather a 
continuous surface comprised of aggregates was revealed. This creates a rough surface 
topography not typically desired in nanocomposite generation. The surface topography 
can be viewed in Figure 19. Based on the SEM inspection, the samples from the in-situ 
method showed smoother topography and more uniform particle distribution. Therefore, 
they are selected for mechanical and electrical testing. Further investigations on the ex-
situ method and the resulted samples will be needed in the future. 
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Figure 19. SEM image of an ex-situ sample. Individual particles are poorly defined and 




5.1.2 Thickness measurement. Due to the small thickness of the films, 
profilometry was initially used to determine the thickness. The results indicated that 
despite all the films being spun coat at the same speed, there were large deviations in film 
thickness. To accelerate the rate of testing, an alternate measuring method was sought 
out. To that end a micrometer was used on the originally measured samples to validate 
the results from profilometry. This allowed each individual sample to have its thickness 
measured before undergoing its specific test. Table 3 contains a summary of tested film 
thicknesses. 
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Table 3 
 Profilometry results of polymer nanocomposite films 
Thickness (µm) 
Sample Trial 1 Trial 2 
10% nanoparticle 
Sample 1 22 24.2 
Sample 2 18.7 24.7 
2% nanoparticle 
Sample 1 27.7 29.2 
Sample 2 30.8 34.6 
3% nanoparticle 
Sample 1 38.1 34.1 





5.2 Mechanical Characterization 
 
 The prepared thin films were tested in a SHIMPO MTS to determine their 
Young’s modulus and ultimate tensile strength. The specimens were clamped between an 
actuating force gauge and a stationary ground clamp, as shown in Figure 22. The sample 
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 Taking the sample dimensions into calculation, the force and displacement data 
can be converted to stress and strain values. By plotting these values against each other, 
stress-strain curves are obtained, examples of which are provided in Figure 21. Stress-
strain curves contain valuable critical information such as Young’s modulus and ultimate 
tensile strength. These specific curves had tensile strengths of 26.64 MPa (Figure 21a, 
pure polyimide), 24.5 MPa (Figure 21b, 10-wt% nanocomposite), and 9.12 MPa (Figure 
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              a.)                  b.) 
 
        c.) 
Figure 21. Examples of stress-strain curves of three samples. a.) 0% nanoparticle 





Pure polyimide exhibited the highest average ultimate tensile strength of 29.77 
MPa. Samples with a 10% nanoparticle showed a reduced tensile strength of 24.42 MPa 
and the samples with a 15% concentration had a further reduced strength of 13.31 MPa. 
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Additionally the Young’s moduli of the films were calculated. The 0% 
nanoparticle samples yielded an average Young’s modulus of 629.4 MPa. The value 
increased to 841.35 MPa in 10% concentration samples, but suffered a reduction down to 
587.22 MPa in 15% samples. This is in line with other observations that nanomaterial fill 
increases the Young’s modulus at low concentrations and decreases it at higher 
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5.3 Electrical Characterization  
 To determine the dielectric strength of the material, a Vitrek 955i Hi-Pot testing 
system was used, as pictured in Figure 24. The system had a built-in safety feature to 
determine the exact voltage at which the material fails. Two wires from the system are 
attached to the electrodes that are contained within a 3D printed safety enclosure. The 
testing sample is then sandwiched between the electrodes and the voltage is increased 
from 0 V at a rate of 500 V/s until a current spike is detected. Once this occurs material 
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 Testing was conducted on three different sample concentrations, 0%, 10%, and 
15% in nanoparticle weight percentages. Base polyimide had the highest average 
dielectric strength of 86.8 kV/mm. The 10% nanoparticle concentration samples and the 
15% concentration had average dielectric breakdown values of 34.0 kV/mm and 40.6 
kV/mm, respectively, as   shown in Figure 25. The decrease in the breakdown voltage as 
nanoparticle concentration increases is backed up by the fact that polyimide has a higher 
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Due to the rough surface topography in ex-situ samples, we decided to pursue in-
situ samples and use them for mechanical and electrical characterization. The mechanical 
testing data show an interesting effect where a dramatic change in properties at 
approximately 10% nanoparticle concentration can be observed. This is evidenced by 
comparable ultimate tensile strengths shown by 0% and 10% nanoparticle concentration 
samples with a 50% reduction in 15% samples. The 15% samples also show a large 
decrease in Young’s modulus compared to the other two groups of samples. It is 
suspected that as the nanoparticle concentration increases, the properties of these filler 
materials becomes more critical, and eventually become the dominant factors over the 
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nanoparticle concentrations in the composite properties. Both nanocomposites samples 
experienced electrical breakdown failure at a reduced value compared to the 0% samples. 
The 10% sample failed at 34.0 kV/mm and the 15% sample failed at 40.6 kV/mm, on 
average. Some prior research suggest that 10% may in fact be the particle concentration 
limit at which properties undergo a dramatic change, but it varies from material to 
material [69].
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Chapter 6 
Design of a Cryogenic Testing System 
6.1 Introduction 
 
 The very nature of testing for CTE requires the ability to elevate and reduce 
temperatures in a controlled manner. The CTE testing is typically supported by modern 
refrigeration and heating systems to study material behaviors within a temperature range. 
However advanced heating/cooling systems are needed in cryogenic materials research, 
as the required temperatures are not easily obtainable. To that end, a specialized system 
has to be designed and fabricated, to cool a chamber to approximately 40 °K using 
gaseous helium. 
 Due to the corrosive nature of helium, care had to be taken with the choice of 
materials. Naturally, a helium resistant rigid material with a low heat transfer coefficient 
and CTE would be ideal to construct a cryochamber, as it would experience the smallest 
thermal impact from the outside environment. Given the material limitation and the 
practical standpoint, most cryochambers are made from stainless steel, such as 311 [70].  
 Even with proper material selection, achieving such low temperatures is no easy 
task. It requires four key components to operate properly together. The first of these 
components is a cryocooler. These coolers use powerful compressors and vacuums to 
create a low temperature zone on the surface of a cold head. The second critical 
component is a helium circulator, which moves helium through the entire system. Due to 
the extreme temperatures experienced by the working fluid, special pumps or fans are 
needed. These parts not only need to survive the extreme environment but also should 
cause minimal temperature effect on the working fluid. The third component is the heat 
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exchanger that can increase the heat transfer between the working fluid and the cold 
head. The fourth component is the cryochamber. This component houses the testing 
sample and shields them from the external environment. It ensures the desired cryogenic 
temperatures for the samples during testing. 
6.2 Design 
 
 The design of the cryogenic testing system, broken down into the four main 
components, is shown in Figure 26. In this configuration a cryo-circulator (often a cryo 
fan) moves helium through a closed loop and over a heat exchanger. The heat exchanger 
is placed in direct contact with a cold head that has its own closed helium circuit 
connected to a compressor. The compressor allows the helium, and by extension the cold 
head, to reach cryogenic temperatures. The cold head and heat exchanger combination 
allows heat to be removed from the working helium in the main loop and effectively 
cools the loop to similar temperatures. Finally, after passing through the heat exchanger, 
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6.2.1 Helium compressor. The Naval Surface Warfare Center, Philadelphia, to 
aid in the cryogenic temperature testing, loaned a helium compressor to this project. This 
compressor was a modified AL330 by Cryomech and was air-cooled. This compressor 
would not only cool the helium but also contained a helium circulator and internal heat 
exchanger. To connect the cryochamber to the compressor, Aeroquip flex lines with beret 
fittings are required. This effectively changed the system loop from the design illustrated 
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6.2.2 Cryochamber. The cryochamber will be fabricated entirely in house; it will 
maintain a temperature of ~40 ºK and can be retrofitted into the existing SHIMPO MTS. 
Additionally it needs to be compatible with the dielectric breakdown system for electrical 
testing at the desired temperatures. The cryogenic testing environment has an inner 
diameter of 3 inches and an internal height of 7 inches, which is slightly larger than the 
test sample and the clamps. The chamber is separated into two parts and secured with pull 
action toggle clamps. The Navy partners recommended this chamber geometry. The 
bottom clamp is fixed, while the top clamp is suspended and adapted to interface with the 
SHIMPO tensile tester. At the top of the chamber, an expandable bellow allows for the 
SHIMPO to stress the sample while keeping the system well sealed. Figure 28 shows 
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a.) b.) 







 The design of this chamber is to be CNC machined to establish a cylindrical 
geometry inside a rectangular outer vessel. To provide a suitable corrosive resistance, 
stainless steel 304 will be used due to its higher machinability than 311. This relatively 
complex geometry provides a sufficient volume of cooled helium while providing flat 
edges for easy sealing. Ports to attach bayonets fittings still need to be designed but can 
be easily added to the flat edges of the rectangular outer shell. Some forms of insulator 
will need to be added to maintain a cryogenic environment; for this purpose, aerogel has 
been heavily investigated [71-73].  This design will integrate with both the SHIMPO 
MTS and the Vitrek Hi-pot tester, allowing for both mechanical and electrical 
characterization at cryogenic temperatures. The final rendering of the cryochamber is 
illustrated in Figure 29. 
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Figure 29. Finished rendering of cryochamber in desired materials. A flexible bellow can 
be observed on top.
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Chapter 7 
Conclusions and Future Work 
7.1 PDMS-ZnO-CNT Nanocomposite Foams 
 
 Polymer nanocomposite foams can be easily generated using an ex-situ method, 
combining the liquid state PDMS with ZnO and CNT nanopowders, at 10%, and 1% 
concentrations, respectively. This composite was then cast over dissolvable sugar 
scaffolds to create a porous structure.  
 The foams exhibit clear piezoelectric properties under mechanical deformation, 
with foams based upon ultrafine sugar exhibiting the largest electrical response of 0.3 V. 
Additionally, all the foams showed reduced mechanical strength due to the stress 
concentration around the pores. The ultrafine sugar had the highest strength of at 0.28 
MPa. All the foams exhibited similar Young’s Modulus, of 0.45 MPa, 0.50 MPa, and 
0.54 MPa. These foams could be used as an energy harvester or as a potential sensor 
material. In terms of energy harvesting, this material has great potential to be used in the 
insoles of sneakers. This would allow for potential charging of mobile devices by the 
mechanical work from users. 
 The biggest issues that arise from the scaffolding methods are phase separation 
and particle aggregation. Due to the liquid nature of the host polymer, particles infused 
during the ex-situ method tend to float on top of the host matrix. A thorough mixing is 
challenging for viscous fluids such as the PDMS. The hand mixing of the materials also 
exacerbates the problem of particle aggregation. 
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7.2 Polyimide-SiO2 Nanocomposite Dielectrics 
 
 Polymer nanocomposites can display many unique properties, dependent on the 
host matrix and the chosen nanofiller. These properties can be dramatically different from 
those of the base materials. Furthermore, some nanomaterials can imbue multiple 
material properties; for example, SiO2 nanoparticles are both dielectric and useful to 
increase the material stability at cryogenic temperatures. 
 Three different nanoparticle concentrations were tested for this study: 0%, 10% 
and 15%. At 0% nanoparticle concentration, the samples had an electrical breakdown 
value of 86.6 kV/mm, while 10% and 15% samples suffered reduced strengths of 43 
kV/mm and 44.6 kV/mm, respectively. A similar effect also occurred when comparing 
the mechanical strengths of the generated materials. The 0% concentration sample 
exhibited an ultimate tensile strength of 29.77 MPa. This value was reduced in 10% 
samples to 24.42 MPa and even reduced further to 13.31 MPa in 15% samples. 
 The unique material properties of composites would enable numerous 
applications in various areas. The SiO2 nanocomposite has the potential to significantly 
increase the energy capacity in current superconducting systems. There are numerous 
benefits to such a breakthrough, specifically for the Navy. For example, such technology 
could aid in the adoption of rail guns, degaussing systems, and boost power transfer in 
Naval vessels [74, 75]. 
7.3 Future Work on PDMS-ZnO-CNT Nanocomposite Foams 
 
 While the PDMS-ZnO-CNT foams produced electricity, the voltage output value 
was relatively low and the electric current was not recorded. For the electric voltage 
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alone, it is still not enough to be harvested using circuitry, as approximately 0.7 V is 
required to activate the diodes in such a circuit. One potential method to increase the 
electric output is to use dipole alignment, where piezoelectric elements are subjected to a 
high electric field until the dipoles all face the same direction [76, 77]. As electricity is 
generated in the direction of the dipole, aligning them eliminates current cancellation and 
improves the overall voltage. Figure 30 illustrates this process of dipole alignment, called 
electric poling. 
 
Figure 30. A diagram illustrating dipole alignment, in which a high electric field causes 
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 Another way to potentially improve the voltage is to generate foams that can 
experience larger deformation, without increasing the overall amount of material in the 
specimen. This would involve utilizing other foaming methods, other than sugar 
scaffolding, to create the foamed structures. Citric acid, azodicarbonamide and sodium 
bicarbonate are all used in industry to generate various foamed structures, and can 
potentially be used in this project to create piezoelectric composite foams [78]. Finally 
electric current measurements need to be performed, so the electrical power generated 
from a singular foam sample can be determined. 
7.4 Future Work on SiO2 Nanocomposite Dielectrics 
 
 For the SiO2 nanocomposite there is a lot of work to be done in the future. The 
most urgent issue to be resolved is the implementation of the cryosystem to allow for 
cryogenic testing, as illustrated in Figure 31. This includes the machining of the chamber 
discussed in Chapter 6. As of now, all the gathered results were obtained at room 
temperature. Additionally, CTE testing requires a specific tool known as a dilatometer, 
which is not readily available. To solve this problem, we have been investigating a 
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Figure 31. Theoretical placement of cryochamber in conjunction with the SHIMPO 
MTS.
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